INTRODUCTION
The protective ability of innate defense is largely dependent on germ-line-encoded pattern-recognition receptors. 1 Prominent among pattern-recognition receptors are the Toll-like receptors (TLRs) that recognize pathogen-associated molecular patterns to initiate innate immune responses, including inflammatory mediators, antimicrobial effectors, and signals inducing adaptive immune responses. 2 Discovery of TLRs and other pathogen-associated molecular pattern-recognizing receptors has also put the epithelium, a barrier between internal and external environments, at center stage not only in defending the host against infection at the front line but also in influencing the development and direction of immune cell response to ensure clearance of the invading pathogen. [3] [4] [5] [6] [7] [8] A large body of recent literature revealed that mucosal epithelia, including the ocular surface, express almost all TLRs, rendering them able to sense and to mount the innate defense against invading pathogens. cells to control the inflammatory response, including the expression of negative regulators 13 and induction of hyporesponsiveness, to further and more rigorously challenge the same or different pathogens, a phenomenon similar to endotoxin tolerance. 14 It is now well-known that pre-exposure of different cells, tissues, or organisms to TLR ligands dampens the expression of inflammatory cytokines, while exhibits no effect or even augments the induced expression of other functional groups of genes such as antimicrobial, antioxidative, and/or cytoprotective genes in response to pathogens and other adverse challenges, a phenomenon similar to endotoxin tolerance or lipopolysaccharide-reprogramed TLR response. [15] [16] [17] [18] As an immune-privileged site, the avascular cornea contains mechanisms that limit immune cell entry and has scant antigen-presenting cells. 19, 20 Under normal conditions, the cornea is remarkably resistant to infection. However, when the epithelial barrier is breached, which often occurs during routine contact lens wearing, or when immune function is compromised, opportunistic pathogens can gain access to the deep layers of the epithelium, causing infectious keratitis. [21] [22] [23] [24] If not treated promptly and properly, significant vision loss or even loss of the eye may occur. [25] [26] [27] Among pathogens, Pseudomonas aeruginosa is a major cause of keratitis and is the most sight threatening. 28 Our previous work showed that P. aeruginosa is recognized by TLR5 and that mice deficient in TLR5 are more susceptible to the pathogens. 18, 22, 29 We have also shown that application of purified flagellin, the ligand of TLR5, before microbial inoculation induces profound protection in the cornea against infectious pathogens regardless of whether or not they express flagellin. 17, 18 Similar protection against P. aeruginosa was also observed in the lung by nasal application of flagellin. 30 In addition, flagellin was also reported to induce protection against lethal radiation and chemicals in mice and monkeys, 31, 32 to restore antibiotic-impaired innate immune defenses, 33 and to protect mice from acute Clostridium difficile colitis. 34 Among all known TLR ligands, the flagellin-TLR5 axis, but not the flagellin-Ipaf pathway, 35, 36 exhibits several distinctive properties: stimulating mucosal epithelial cells more than immune cells, 37 inducing unique anti-inflammatory genes (such as interleukin (IL)-1Ra, but not IL-1b), 32, 38 and preserving epithelial barrier function. 33, 34 However, to date, a genome-wide screen for genes and pathways affected by flagellin preconditioning in the mucosal epithelia and their roles in subsequent protection of mucosal tissues have not been reported.
In this study, we took advantage of the topical application of flagellin and readily isolated epithelial cells from the cornea and used genome-wide cDNA microarray to profile gene expression in P. aeruginosa-infected CECs with or without flagellin pretreatment. We identified 1261 genes with more than two fold changes (n ¼ 6, Po0.05) in response to infection; among those, 209 genes were altered by flagellin pretreatment. Targeting the 2 most highly induced genes, S100A8 and S100A9, we found that neutralizing these two proteins increased susceptibility of the cornea to P. aeruginosa infection and abolished flagellin-induced protection in B6 mice. Based on data mining, we constructed a corneal innate defense network, activation of which promotes mucosal innate immunity and renders tissue resistance to invading pathogens.
RESULTS

Flagellin-induced protection
We previously showed that flagellin preconditioning resulted in the resistance to ocular and lung pathogenic microbes with or without expressing flagellin, suggesting a general, broad innate protection against infection. We reasoned that genes differentially expressed in flagellin-pretreated and P. aeruginosainfected corneas, compared with P. aeruginosa-infected corneas, are responsible for the innate protection observed in the cornea and performed genome-wide microarray expression analysis to compare genes expressed in P. aeruginosa-infected corneal epithelial cells (CECs) with or without flagellin pretreatment at 6 hours post-infection (hpi; Figure 1 ). In our previous studies, we used P. aeruginosa ATCC 19660 strain, the most virulent strain, to illustrate the profound mucosal protective effects. However, as ATCC 19660 is known to possess epithelial cytotoxicity and cause epithelial erosion, we used a laboratory strain PA01 with 10-fold in inoculate dosage, 10 5 colony-forming units (CFU)/per eye in phosphatebuffered saline (PBS). As our focus was on differentially expressed genes in flagellin-pretreated CECs, we prepared three biological replicates of CECs obtained directly by scrapping cells off from the corneas: scratched and topical applied 5 ml PBS or 500 ng purified flagellin in 5 ml PBS, followed by 1 Â 10 5 PA01 infection, with no injury and no infection naive CECs as the control. The six-sample (array spot) Illumina MouseWG-6 v2 BeadChip (San Diego, CA) was used. Each array spot contains a total of 45,281 different oligonucleotide gene probes (i.e., Illumina source IDs,). After the normalization of raw data for all three replicates, we selected those genes that exceeded a pre-set threshold for significant changes Z2-fold (both increase or decrease) in expression intensity between infected/ normal, pretreated-infected/normal, and pretreated-infected/ infected. Of the genes present on the array, 1,261 were found to have altered expression at least in one of three paired comparisons with Po0.05 (Supplementary Information). As shown in Figure 1 , there were a total of 675 genes, compared with the control, with altered expression in PA01-infected CECs at 6 hpi, 497 up-and 178 downregulated. In flagellinpretreated CECs, 890 genes were upregulated but only 39 were downregulated. Comparing PA01-infected CECs with or without flagellin pretreatment revealed a total of 209 genes with altered expression; 157 up-and 52 down regulated.
The top six genes upregulated in CECs in response to PA01 infection are matrix metallopeptidase 13 (Mmp13; 80.2-fold increase), S100A8 (36.3), Mmp10 (34.2), Krt16 (32.7), Stfna1l1 (31.2), and S100A8-binding partner S100A9 (27.5) ( Table 1) . Expression of these genes in flagellin-pretreated and infected CECs, compared with infected CECs, were either downregulated: MMP13 5.4-fold, MMP10 4.1-fold and Stfna1l1 2.3-fold decrease; no significant change for Krt16; or upregulated: S100A8 4.2-fold and S100A9 2.54-fold increase, bringing the total increase of these two genes over the control to 154-and 69.8-fold, respectively. These changes reflected the functions of the genes and their contribution to flagellin-induced protection, including greatly increasing bacterial clearance (S100A8/A9 also named calprotectin, a potent antimicrobial protein complex [39] [40] [41] , and suppression of potential harmful genes (MMP13 and -10). Interestingly, stefin A1-like 1 (an intracellular cycteine-type endopeptidase inhibitor) was also downregulated 2.3-fold. Stfna1l1 was implicated as a component of proteasomes, and its substrate and function were not reported in the literature. Taken together, the genomewide cDNA microarray revealed that flagellin preconditioning favors the expression of a large number of mucosal innate protective genes while controlling but not totally blocking genes that are part of innate response to infection and yet can be destructive when their activities are not well-controlled.
Flagellin-induced defense response in PA01-infected cornea epithelia
Gene ontology analyses carried out by the Genomatrix Genome Analyzer (Ann Arbor, MI) revealed that 113 genes participate in cell defense response and its regulation, starting from transcription factors in the nuclei to secreted proteins/peptides in extracellular milieu. The full names of the genes, their expression levels, and their cellular localizations are listed in Table 2 . Chi3l1 has recently been shown to promote Streptococcus pneumoniae killing and to augment host tolerance to lung antibacterial responses, 42 we therefore added it to the list as a defense-responsive gene to Table 2 and Figure 7 . There were a total 30 nuclear proteins, many of which are the components of a transcription factor family, such as NFKBIZ, NFKB1 (precursor of p50), and NFKBIA for nuclear factor (NF)-kB, and JUN and FOS for AP-1. As expected, NFkB components were generally downregulated by flagellin pretreatment, resulting in hyporesponsiveness of cells to bacterial challenge in terms of production of NF-kBmediated pro-inflammatory cytokines, such as C-X-C motif chemokine ligand 1 (CXCL1) and IL-1b. On the other hand, four interferon (IFN) regulatory factors (IRFs) either remained elevated (IRF1 and 6) or further augmented (IRF 7 and 9) in flagellin-pretreated CECs. There were 33 cytosolic proteins, some of which are involved in antiviral and innate responses (ISG15, S100A14, and LTF). Twenty membrane proteins were identified, including IFN receptors and IFN-induced membrane proteins with antimicrobial activities (IFNGR1, IFNGR2, IFITM1, and IFITM2), consistent with elevated expression of multiple IRFs. Most importantly, there were a total of 30 proteins and peptides that can be potentially secreted by epithelial cells; some were inflammatory cytokines (IL-1b, CXCL1, and CXCL2) with downregulation and others were antimicrobial peptides\proteins that were upregualted by flagellin pretreatment (S100A8, A9, LCN2, DEFB1, and Chi3l1).
Infection-induced S100A8/A9 expression is augmented by flagellin pretreatment
Having ascertained flagellin preconditioning-mediated differential expression of genes by genome-wide cDNA array, we next used PCR and immunohistochemistry to confirm the expression pattern of the two most highly induced genes: S100A8 (calgranulin A) and S100A9 (calgranulin B) in PA01-infected B6 mouse corneas. Both Real time- (Figure 2a ) and reverse transcriptase-PCR (Figure 2b ) revealed similar expression pattern to that detected by cDNA array for both genes; infection moderately increased their expression which was greatly enhanced by flagellin pretreatment. At the protein levels revealed by western blotting (Figure 2c ), there were no detectable S100A8 and A9 in normal homoestatic CECs, whereas a faint band of S100A9 was seen in PA10-infected corneas. Flagellin pretreatment resulted in the expression of the pair (Figure 2c) .
To assess the expression of these two genes at tissue levels, immunohistochemistry was performed. Although there was little staining for both S100A8 and A9 in normal controls as well as PA01-infected corneas at 6 hpi, the whole epithelial layer was positively stained with both S100A8 and A9 with strong staining at apical layer in flagellin-pretreated corneas. Confocal imaging confirmed apical expression of S100A8 and more apparent S100A9 (panels g and h, Figure 3 ). S100A8 was also found throughout the epithelial layer. There were also positive cells in the stroma, presumably the infiltrated polymorphonuclear neutrophils (PMNs) in which 45% of soluble proteins are calprotectin. 43 The expression patterns of MMP13 and MMP10 were also confirmed (data not shown), while the expression pattern of IL-1b was similar to what we previously reported. 17, 44 S100A8 and A9 neutralization decreases bacterial clearance in B6 mouse cornea.
Having shown that flagellin augments the expression of S100A8 and A9 in the cornea in response to infection, we then tested the function of S100A8 and A9 using neutralizing antibodies. 45 At 6 hpi, there was no sign of inflammation visible by slit lamp examination in all the corneas (data not shown). However, bacterial burden determination revealed a great reduction of bacterial load in mouse corneas (Figure 4a ). S100A8 and A9 depletion increased bacterial burden 2.4-and 1.9-fold in the control and 13-and 5.6-fold in flagellin-pretreated corneas, respectively. The expression of macrophage-inflammatory protein 2 (MIP-2) had a similar pattern to bacterial load (Figure 4b ) but myeloperoxidase activity was undetectable at this time point.
At 24 hpi, the cornea pretreated with PBS was partially opaque, whereas flagellin-pretreated corneas were clean and showed no sign of infection or inflammation ( Figure 5) . Opacity was greatly increased in the corneas injected with S100A8-or A9-neutralizing antibodies when compared with immunoglobulin G (IgG)-treated corneas without (c and e vs. a) or without (d and f vs. b) pretreatment. Compared with S100A9 (e and f), S100A8 neutralization resulted in more severe keratitis (c and d), and this was more apparent for flagellin-pretreated corneas (f vs. d). The different effects of S100A8 and A9 neutralizations were also observed in corneal bacterial burden, PMN infiltration, and pro-inflammatory cytokine expression. As shown in Figure 6a , 5.3 Â 10 5 CFU of P. aeruginosa were detected in the control antibody-injected corneas while depletion of S100A8 or A9 resulted in increase of bacterial loads B3.5-fold in the PBS-pretreated corneas. In flagellin-pretreated corneas, no recoverable bacteria were detected in control antibody-injected corneas, depletion of S100A8 and A9 resulted in 2.1 Â 10 6 and 6.9 Â 10 5 CFU, respectively. Similar patterns of MIP-2 expression and PMN infiltration detected by myeloperoxidase assay were also detected: in the control, PBS-pretreated corneas, S100A8 and A9 neutralization exhibited similar levels of exacerbated inflammation (elevated MIP-2 and PMN infiltration), while in flagellin-pretreated corneas, S100A8 neutralization resulted in greatly elevated inflammation comparable with that of without flagellin pretreatment and S100A9 neutralization, which, on the other hand, elevated inflammation to a level similar to PBS-pretreated corneas without neutralizing antibodies (Figure 6b ).
DISCUSSION
In this study, we used genome-wide cDNA microarrays to identify genes expressed in CECs in response to infection, with focus on the genes differentially expressed in response to flagellin preconditioning. Our results revealed that flagellin pretreatment dramatically altered the epithelial response to infection. Contrary to the concept of tolerance or hyperresponsiveness, flagellin pretreatment augmented more than suppressed the expression of infection-induced genes at a 3:1 ratio, indicating more positive regulatory mechanisms for flagellin preconditioning-mediated gene expression in CECs. Using the data presented in the Table 2 , we constructed a defense network elicited by flagellin pretreatment in response to infection (Figure 7) . Although the augmented genes identified, such as CXCL10, a multifunctional chemokine with antimicrobial activity, 46 might be used as therapeutic reagents, the suppressed genes, such as MMP13, might be targeted for reducing deleterious inflammation and tissue damage in keratitis cornea.
The cDNA array analyses revealed greatly altered expression of genes in CECs in response to P. aeruginosa infection and illustrated the flagellin-induced alteration in gene expression at a much larger scale than that of a functional approach. In response to P. aeruginosa, 682 genes had more than twofold changes. The highest levels of increased genes are MMPs, AMPs, and pro-inflammatory cytokines, whereas the most downregulated gene is sestrin 1, which has a critical role in antioxidant defense in tissues, such as the retina. 47 Clearly, while innate defense mechanisms are activated in response to infection, the changes in some host genes, such as highly induced MMP13 and suppressed sestrin 1 may contribute to infection-and inflammation-associated tissue damages. In flagellin-pretreated and PA01-infected corneas, 946 genes exhibited more than twofold changes, with 907 increased and 39 decreased. The genes with the highest upregulation are S100A8 and A9, which can form the heterodimer calprotectin, a potent AMP. 41 Krt16 and Sprr2 are structural proteins and are expressed at similar levels in PA01-infected cells with or without flagellin pretreatment. Surprisingly, five genes, ifi204, IFITM3, Rsad2, ifit3, and ifi27, are IFN-stimulated genes with antiviral activity. Ifi204 and Ifitm3 may also be involved in innate defense against other microbes by regulating monocyte differentiation to macrophages and dendritic cells 48, 49 and by limiting host cell proliferation to prevent spreading of pathogens, 50, 51 respectively. The most interesting comparison is between infected CECs with or without flagellin pretreatment. There are a total of 209 Figure 2 Infection-induced expression of S100A8 and A9 is augmented by flagellin pretreatment. B6 mice were treated as described in Figure 1 . At 6 hpi (hours post infection), the scraped corneal epithelial cells from the control (CT), PA01-infected phosphate-buffered saline (PBS) þ PA (Pseudomonas aeruginosa), or flagellin-pretreated and PA01-infected (Flag þ PA) were subjected to (a) real-time PCR, (b) reverse transcriptase-PCR or (c) western blot analyses for S100A8 and A9 expression levels.
genes with altered expression levels; 157 up-and 52 downregulated. The top10 upregulated genes are mostly, with the exception of Apol9a and 9b, professional immune molecules involved in the IFN-a induction pathway with antimicrobial and/or anti-inflammatory activities. For example, Lgals3bp has been shown to activate naive and primed neutrophils, while Gbp3 I solicits defense proteins and protects the host from infection. 52 The endogenous antioxidant gene sestrin 1 was also on the list of upregulated genes (2.7 fold increase), consistent with increased protection in the cornea. On the other hand, the top 10 downregulated genes are either inflammatory molecules (IL-24, CXCL1, EGR1, SOCS3, CXCL12), proteinases/proteinase inhibitors (MMP13, MMP10, Serpina3g), or genes with unknown functions (Nppb and Prl2c3). As the altered expression of these genes results in profound innate mucosal surface protection against pathogens, many of the genes may also be involved in flagellin uniquely induced protection against other harmful environmental challenges. [31] [32] [33] [34] The genes were subjected to gene ontology analysis of biological processes. Prominently among different processes Figure 3 Immunohistochemistry of S100A8 and A9 distribution in PA01-infected and flagellin-pretreated B6 corneas. B6 mice were treated as described in Figure 1 . At 6 hpi (hours post infection), corneas were OCT (optimal cutting temperature) snap frozen, followed by sectioning and immunostaining with antibodies against S100A8 (a, c, e) and S100A9 (b, d, f). DAPI (4,6-diamidino-2-phenylindole dihydrochloride) was used to stain nuclei. The images of S100A8 or A9 and DAPI were merged. The staining of PA01-infected and flagellin-pretreated B6 corneas with S100A8 (g) and S100A9 (h), or omitted first antibody as negative control, were also examined by confocal microscope. The figure is representative of three corneas per condition from two independent experiments. E, epithelium; IgG, immunoglobulin G; S, stroma.
are the defense response (P-value 1.37e-7, 83/910) and its regulation (P-value 2.18e-5, 34/310) that include 114 genes, some of which are overlapping in these two groups. Table 2 listed the genes of expression levels, cellular locations, and known or suggested functions we constructed a diagram of corneal defense system activated by flagellin pretreatment (Figure 7) . In nuclei, the pro-inflammatory transcription factor, the NF-kB family, are downregulated by flagellin pretreatment. On the other hand, four IRFs are upregulated in infected corneas, whereas IRF7 and 9 are further augmented by flagellin pretreatment. The augmented expression of these IFNstimulated transferrins indicates that many increased genes are IFN-induced and suggests that flagellin is able to induce IFN expression and signaling. Indeed, two IFN-d receptors, IFNGR1 and R2, are upregulated in infected CECs ( Table 2) and, consequentially, the expression of many IFN-induced genes such as ISG15 and IFIs are also are augmented. To date, it is not clear whether IFNs are produced directly by CECs after TLR5 activation or whether IFNs are produced by residential dendritic cells and/or other innate immune cells.
Many IFN-inducible, flagellin-augmented genes are either in cytoplasm (ISG15 and OAS2) or at the cell membrane (three IFITMs). These genes are known to be dramatically induced upon viral or bacterial infection and have antiviral and innate immune activities. 50, 51, 53, 54 The other antimicrobial proteins, LTF and S100A14, and cytoprotective PRDX5, HSP90AB1, and HSPD1 are also found in cytosol along with several ubiquitination and proteasome proteins ( Table 2) . Three TLR-related proteins can also be found in Table 2 : MyD88, SOCS3, and SOCS6. Although MyD88 and SOCS6 remain elevated, SOCS3 expression is significantly suppressed by flagellin pretreatment. The suppressed expression of SOCS3, a suppressor of cytokine signaling, 55 is inconsistent with greatly reduced inflammation in flagellin-pretreated corneas. Interestingly, overexpression of SOCS3 has been shown to be harmful to keratinocytes by exacerbating wound inflammation. 56 Hence, its suppression by flagellin may have beneficial effects on CECs. Downregulation of intercellular adhesion molecule, an important pro-inflammatory factor, is also of importance in reducing inflammation and tissue damage caused by bacterial infection.
Among 113 defense response genes, 28 encode proteins that can be secreted by CECs. The flagellin pretreatment augmented the expression of 14 genes, most of which possess antimicrobial and innate defense activities, including S100A8, A9, Chi3l1, LCN2, CXCL10, IFIT3, IFI35, PGKYRP4, PGLYRP1, C3, and CFB (components of complement system). Synergetic effects of these factors can form a biological barrier to prevent and/or kill invading pathogens.
The altered expression of several representative genes, including S100A8, A9 (Figure 2) , CXCL10, MMP13, -10, and Chi3l1, was confirmed by real-time or reverse transcriptase-PCR, by western blotting, and/or by immunohistochemistry. Although cDNA array revealed higher flagellin-mediated induction of S100A8 than A9, Figure 2 , particularly western blotting appeared to suggest more pronounced upregulation of S100A9. If indeed there was more S100A9, there should have less S100A8 dimmers, which are shown to be stronger neutrophil chemoattractant. 57 Reduced S100A8 is consistent with reduced PMN infiltration observed in flagellin-pretreated corneas in response to P. aeruginosa infection. 17 As S100A8 and A9 are the two most highly induced genes by flagellin pretreatment, we explored functional relevance of these two genes. S100A8 and A9 exist as noncovalently bound homodimers but also as heterodimers (S100A8/A9) that inhibit bacterial adhesion to mucosal epithelium and bacterial growth through zinc chelation. 41, 43, [58] [59] [60] We observed that functional blocking of both peptides significantly decreases corneal bacterial clearance at 6 and 24 hpi in the control and flagellin-pretreated corneas, providing direct evidence for bactericidal activity of these calcium-binding proteins. Interestingly, functions of S100A8 and A9 are not equal as neutralizing S100A8 appears to result in more severe keratitis than S100A9. This is more apparent in flagellin-pretreated corneas in which neutralizing S100A8 totally lost flagellininduced protection, whereas S100A9 only partially, suggesting additional roles of S100A8. It is important to mention that while inactivation of the S100A8 gene is embryonically lethal, 61 the mice with depleted S100A9 are viable, albeit in these mice Figure 4 S100A8 and -A9 neutralization decreases bacterial clearance in B6 mouse cornea at 6 h post infection (hpi). B6 mice were pretreated with flagellin (500 ng per eye) or 5 ml phosphate-buffered saline (PBS) at À 24 h and then subconjunctivally injected with 100 ng rabbit immunoglobulin G (IgG; control) or anti-S100A8-or -A9-neutralizing antibodies at À 16 h. The corneas were then infected with 10 4 colonyforming units (CFU) ATCC 19660 (0 h). At 6 hpi, by which time no opacity or sign of infection was observed, the corneas were processed for (a) bacterial load and enzyme-linked immunosorbent assay analysis for (b) macrophage-inflammatory protein 2 (MIP-2). The figure is a representative of two independent experiments. *Pr0.05, **Pr0.01, n ¼ 5.
S100A8 expression is not detectable, 62 suggesting non-redundant function of a member of the S100 gene family. Interestingly, while S100A8/A9 are inducible genes in epithelial cells, they are constitutively expressed in neutrophils where they comprise 45% of total cytoplasmic protein. 63, 64 The abundant expression of both S100A8 and A9 in infiltrated cells of flagellin-pretreated corneas was confirmed by immunohistochemistry ( Figure 3) . Calprotectin are known to be released from neutrophils upon stimulation to form extracellular traps, which kill extracellular pathogens while minimizing damage to the host cells. 64 Hence, neutralizing S100A8 and A9 are likely to affect both epithelial-expressed and neutrophil-released S100A8/A9. Hence, our study identifies calprotectin as an important protective mediator in the innate immune response to bacterial keratitis caused by P. aeruginosa.
In summary, genome-wide cDNA array showed dramatic changes in the expression of many genes and revealed flagellinelicited changes in gene expression pattern on a large scale, which would not be possible to envision by conventional approaches. The data allow us to construct an innate defense network, activation of which would result in tissue resistance to infection ( Figure 7) . Among these altered genes, the epithelially expressed S100A8 and A9 are shown to have a key role in corneal defense against the opportunistic but devastating ocular pathogen, P. aeruginosa. The network we constructed is of value for developing therapeutic strategies to control infection and to reduce tissue damage caused by infection-associated host inflammation.
MATERIALS AND METHODS
Bacterial strains and flagellin purification. A cytotoxic strain of P. aeruginosa (ATCC 19660), which provides a reproducible inflammatory response in the B6 mouse cornea, 44, 65 was used to test the protective effects of flagellin and S100A8/A9. However, as cytotoxicity of strain 19660 often causes epithelial damages, we choose strain PAO1, a wound isolate and the most widely used P. aeruginosa laboratory strain with completely sequenced genome 66 for cDNA array study. Flagellin was prepared from PA01 by ammonium sulfate precipitation as described earlier. Flagellin pretreatment and infection procedure. Mice were anesthetized with ketamine/xylazine and placed beneath a stereoscopic microscope at a magnification of Â 40 for needle scratching (three 1-mm incisions using a sterile 25-gauge needle). The injured corneas of wild type (n ¼ 6 for cDNA array, n ¼ 5/group for other experiments) were pretreated with 500 ng purified flagellin in 5 ml of PBS or PBS (the control) by topical application. For infection, the treated corneas were re-scratched and inoculated by topical application of bacterial suspension (5 ml) containing 1 Â 10 4 CFU of strain ATCC 19660 or 1 Â 10 5 CFU of strain PA01. Eyes were examined daily to monitor the disease progression.
RNA extraction and real-time PCR. For RNA isolation, epithelial cells were scraped off six corneas, two pooled into one tube as one sample, of naive (the Control), infected, and flagellin-pretreated/infected mice and frozen in liquid nitrogen immediately. RNA was extracted from the collected epithelial cells using RNeasy Mini Kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. cDNA was generated with an oligo(dT) primer (Invitrogen, Life Technologies, Grand Island, NY) followed by analysis using real-time PCR with the Power SYBR Green PCR Master Mix (AB Applied Biosystems, University Park, IL) based on the expression of b-actin. The following primer pairs were used: 5 0 -GACGGCCAGGTCATCACTATTG-3,
Figure 5 S100A8/9-neutralized mouse corneas are more susceptible than the wild type to P. aeruginosa (PA) at 1-day post infection. B6 mice were treated as described in Figure 4 except that the mice were killed at 24 hpi (hours post infection). The corneas were photographed and clinically scored with 0 (no infection) to 12 (perforated) system. 18 The number on the low right cornea of each panel is the average clinical score of five corneas. Three independent experiments were performed, and a representative cornea was presented for each experimental condition. IgG, immunoglobulin G; PBS, phosphate-buffered saline.
GAT AAA AGT GG-3 0 , 5 0 -GGC CAG AAG CTC TGC TAC TC-3 0 for S100A8 and 5 0 -CAC AGT TGG CAA CCT TTA TG-3 0 , 5 0 -CAG CTG ATT GTC CTG GTT TG-3 0 for S100A9.
Gene array and functional analysis. Epithelial cells of normal control, PA01-infected, and flagellin-pretreated and PA01-infected B6 mouse corneas were scrapped off with dulled thin blade, scooped epithelial cells were frozen immediately in liquid nitrogen, removed from the blade with a forceps into an 1.5-ml Eppendorf tube placed on dry ice with two corneas pooled in one tube. Total RNA from pooled epithelial cells was isolated using RNeasy (Qiagen). RNA quality was verified using the Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA Immunohistochemistry of mouse corneas. Mouse eyes were enucleated and embedded in Tissue-Tek optimal cutting temperature compound and frozen in liquid nitrogen. Six-micrometer thick sections were cut and mounted to polylysine-coated glass slides. After a 10-min fixation in 4% paraformaldehyde, slides were blocked with 10 mM sodium phosphate buffer containing 2% bovine serum albumin for 1 h at room temperature. Sections were then incubated with mouse primary antibody (S100A8 1:200 and S100A9 1:100, R&D Systems, Minneapolis, MN). This was followed by a secondary antibody, FITC anti-rat or anti-goat IgG (Jackson ImmunoResearch Laboratories; 1:100), and slides were mounted with Vectashield mounting medium containing 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI) mounting media and examined under a Carl Zeiss fluorescence microscope Axioplan 2 equipped with an ApoTome digital camera or using confocal microscopy (TCSSP2; Leica). Controls were similarly treated, but the primary antibody was replaced with rat or rabbit IgG. S100A8/9 neutralization and infection. Purified flagellin (500 ng in 5 ml of PBS) or PBS (control) was topically applied on the cornea before P. aeruginosa challenge. Sixteen hours before P. aeruginosa inoculation, B6 mice were subconjunctivally injected 5 ml PBS containing 0.5 mg ml À 1 of rabbit anti-mouse S100A8/9 (kindly provided by Dr Philippe Tessier). The control mice received the same dose of rabbit IgG. The eyes were inoculated with 1 Â 10 4 CFU of strain ATCC 19660. Figure 6 Topical flagellin is ineffective in protecting the cornea from P. aeruginosa S100A8/9-neutralized mice cornea. The corneas presented in Figure 5 were subjected to (a) bacteria counting, (b) macrophageinflammatory protein 2 (MIP-2) expression determined by enzyme-linked immunosorbent assay, and (c) myeloperoxidase (MPO) determination (units per cornea). *Pr0.05 and **Pr0.01, n ¼ 5. CFU, colony-forming units; IgG, immunoglobulin G; PBS, phosphate-buffered saline. Figure 7 The diagram shows flagellin-induced defense response to microbial infection in the ocular surface. An innate defense network, activation of which will result in tissue resistance to infection, was constructed using the data presented in Table 2 . A myriad of genes are expressed in response to infection and flagellin pretreatment may suppress (k), have no effects, or augment (m) the expression of these genes. Transcription factors distributed in the nuclei regulates (long arrowheads) the expression of cytoprotective (blue) and defense (green), inflammatory (red) genes that form an effective defense network against microbial infection starting from extracellular space, to plasma membrane and to cytosol without excessive inflammation as many pro-inflammatory factors are suppressed by flagellin pretreatment.
Bacterial burden determination, cytokine ELISA, and myeloperoxidase measurement. Bacterial load, ELISA determination of MIP-2, and myeloperoxidase measurements were performed as described, and the same mouse cornea was used in all the three assays. 18 Statistical analyses. Data were presented as means ± s.d. Statistical differences among three or more groups were identified using one-way analysis of variance. Differences were considered statistically significant at Po0.05.
